This paper presents the hardware and software architectures, and the control approaches for a distributed embedded electro-hydraulic system, a telescopic handler.
INTRODUCTION
While distributed embedded system architectures are well established in industries such as avionics and automotive, in others, such as mobile off-highway construction equipment, they have been only recently utilized. Ubiquitous in off-highway material handling vehicles, the distributed electro-hydraulic systems are evolving as the result of the demand for ever-increasingly complex features and multifold components. This demand drives Original Equipment Manufacturers (OEM) or distributors to seek out distributed components or subsystems with on-board electronic controllers that can perform complicated component-level functions.
The distributed embedded electro-hydraulic subsystem allows the system integrator greater vehicle design flexibility, a scalable approach to vehicle evolution and a faster response to market needs at implementation and over the effective life of the subsystem.
In most cases, however, these systems consist of multiple distributed subsystems with specialized and independent functions. Some desired features, such as steer-by-wire, require fault tolerant control and deterministic communication protocol [Kandasamy, 2005] . Other features, like system mode switching and In this paper, we focus on control approaches for the vehicle's two primary subsystems, work and transmission. The vehicle's power generation unit is a naturally aspirated diesel engine. The work circuit includes multiple double-acting hydraulic cylinders being controlled by advanced electro-hydraulic valves. In controlling the work circuit actuators, the objective is to coordinate them for achieving advanced features similar to robotics for a large range of loads, while at the same time taking into account the dynamical constraints given by the power and flow limitations. For the closed loop hydrostatic transmission circuit the objective is to control the speed of the vehicle such that various relationships between engine speed and vehicle speed are achieved for a large load range, while meeting power constraints. The derived control approaches are implemented and tested under various conditions.
Test results are presented and discussed.
The rest of the paper is organized as follows. First, the hardware and software architecture are introduced. Second, the work-by-wire subsystem is presented with the focus on the distributed system description, and the corresponding supervisory control algorithm. Third, the components and the control objectives and implementation are included for the propel-by-wire system.
VEHICLE SYSTEM DESCRIPTION
There is a trend in the mobile hydraulics industry towards intelligent electronic closed-loop systems that have the potential to improve productivity, driver comfort and safety. The focus of this work is demonstrating distributed closed-loop controls for a telescopic handler that is typically used for loading various forms of material, or positioning personnel. Representative for its multifunctional capability, a telehandler-type vehicle, illustrated in Figure 1 , has been selected as the application vehicle. Owing to its dependability, scalability, and composability, a time-triggered protocol (TTP) is selected as the communication backbone. The basic principle [Kopetz and Bauer, 2002 ] behind this protocol is a global time common to all nodes on the network and common to all nodes on the network and predefined schedule for exchange of messages between nodes. The schedule precisely determines the time when a particular node is allowed to send messages on the bus. The electronic hardware for this system consists of two ECUs (TTC-200), a vision/keyboard ECU (TTC-Vision), and a TTP monitoring node. The communication architecture and the mapping of functions to the ECUs are illustrated in Figure 2 .
While the TTP enables the communication between the main ECUs, a proprietary controller area network (CAN) protocol is used for the communication between the work-by-wire ECU and an embedded hydraulics valve system (Ultronics®, Eaton Corp., US) at the baud rate of 1 Megabits per second.
The basic software development environment is embedded in the Mathworks's Matlab/Simulink The work and propel circuit subsystems, consisting, as highlighted in the above figure, of components at all layers, are present in more details in the following two sections.
WORK CIRCUIT SUBSYSTEM
In this section, the work circuit system architecture and the supervisory control algorithm are described.
WORK CIRCUIT SYSTEM DESCRIPTION
The work circuit itself is a complete distributed embedded system. The key component in this system is Eaton's Ultronics® EH valve/joystick system illustrated in Figure 4 . Figure 4 The configuration of the work-by-wire system includes the hydraulic pumps, unloading valve, Ultronics® valve system, hydraulic cylinder and ECUs.
The Ultronics® valve system has been selected for its independent meter-in-meter-out functionality that results in design flexibility and energy savings [Yuan et al., 2005 ] [Yuan et al., 2006] . In addition, the Ultronics® integrated system features embedded sensors and electronics, compact mono-block design, and compatible CAN bus. As opposed to changing the valve hardware, on-board electronics provide greater flexibility in changing the control characteristics in real time.
Additionally, the work circuit includes a double fixeddisplacement hydraulic pump, an unloading valve, and multiple hydraulic cylinders ( Figure 4 ). The double pump consists of two pumping sections. The smallestdisplacement section provides 12cc/rev of prioritized flow to the steering circuit. When steering is not actuated, the combined flow from the 12cc/rev prioritized section plus the output flow from a second 20cc/rev displacement section is provided to the work circuit. To partially control the work-circuit power consumption, the unloading valve is utilized to unload the output of the larger-displacement (20cc/rev) to tank, when operating above a predefined pressure threshold. Therefore, the power management is partially achieved by the control of the unloading valve, as further detailed at the end of the paper. The three degrees of freedom (DOF) of the application vehicle work circuit ( Figure 1 ) are achieved by means of position-feedback hydraulic cylinders utilizing magnetorestrictive technology.
CONTROL ALGORITHM DEVELOPMENT
In the paper, the control algorithm objective is to achieve coordinated control of the work circuit. The benefit of coordinated control can be illustrated by the radial arc configuration of the application vehicle, as shown in Figure 1 . The fundamental flaw with all radial arc boom devices is: as the boom is raised/lowered, the load will be projected backwards/forwards away from the desired vertical which in turn would require a corresponding extension/retraction of the telescoping function to maintain a vertical path. The vertical path, or Ycoordinate, issue is just one of the vehicular limitations that the coordinated control attempts to address and resolve. The coordinated control is completely scalable for this specific application vehicle and allows 2D trajectory tracking. The work circuit high-level control algorithm is physically located within the work circuit ECU (Figure 7 ) which communicates with the Ultronics® valve system via a CAN protocol. The low-level control algorithms, with predefined functionality, are executed on microprocessors located on each pilot valve. These lowlevel control laws include several modes (flow control, pressure control, position control, etc.) in which the spools are controlled to meet specific objectives. For example, the valves can be configured such that the local control law can automatically track the reference values generated by the ECU's algorithms. Such a distributed architecture significantly simplifies the control design, and increases the robustness of the system performance.
In this paper, we focus on the high-level supervisory control algorithms as depicted in Figure 5 . 
SIMULATION AND EXPERIMENTAL RESULTS
The simulation environment is established for the control algorithm development. Note that the centralized simulation environment includes the dynamics of the cylinder, valves [Mirrett, 1967] , and communication delay. The control law verified and validated in this centralized environment is migrated into the distributed embedded environment for final testing and integration. The experimental results demonstrate that the X-Y coordinate control achieves the desirable performance as illustrated in Figure 8 , where it can be seen that the actual position of each cylinder tracks the desired value. In experiment, some other functionalities, based on the above successful distributed coordinate control algorithm, have been developed:
(1) Teach and playback. The previously mentioned coordinate control can be easily enhanced with a feature that permits recording of the generated trajectory. The recorded coordinate path can then be played back when desired. This control functionality would be of considerable benefit when undertaking repetitive work cycles.
(2) Load estimate.
Utilizing the embedded pressure sensors and the coordinate control, the load on the fork can be estimated. This is a reliable and inexpensive load weigh solution when compared to other after market solutions.
(3) Engine load management via unloading valve.
By using the engine speed available in TTP bus, a model-based nonlinear control algorithm is developed to regulate the controlled current into the unloading valve. Therefore, the optimal performance with the maximum flow rate into the work circuit is achieved without stalling the engine.
TRANSMISSION CIRCUIT SUBSYSTEM
This section presents the main components of the transmission circuit, the control objectives, and the transmission circuit controller main functionality.
TRANSMISSION HYDRAULIC CIRCUIT DESCRIPTION
This subsection presents the main components of the transmission circuit and their most significant specifications. A Perkins engine with a maximum power of 37.3kW provides the input mechanical power to the hydrostatic transmission circuit, whose main components are illustrated in Figure 9 . The engine's throttling mechanism is retrofitted with by-wire functionality, the throttle position being controlled by an electrical actuator. The hydraulic power source is an Eaton Series 2 heavyduty variable-displacement pump with incorporated sensors for swash plate position and shaft angular speed.
The front wheel hydraulic motors M1 and M2 are twindisplacement motors, while the rear motors have a fixed displacement. Besides the main components of Figure  9 , the transmission circuit also includes (i) a two-position three way solenoid valve that enables the control of the front motor displacements, and (ii) a second two-position three way solenoid-controlled valve for activation of the spring applied hydraulic release park brake mechanism. The driver inputs are both discrete values, such as gear input, forward-neutral-reverse (FNR) switch input, and the driving mode input, and continuous inputs, such as acceleration and brake pedal positions. The sensors associated with the transmission circuit are: wheel angular speed, pump swash plate angle, pump shaft angular speed, brake and acceleration pedal positions, FNR and gear positions, front wheel motors pressure sensor. The control objectives are achieved by means of controlling the following actuators: electrical motor for engine throttle, servo-circuit solenoids for swash plate position, gear-valve solenoid, and service-brake solenoid.
Figure 9 Main Components of Transmission Circuit CONTROLLER DESCRIPTION
This subsection presents the main objectives in controlling the actuators pertaining to the hydraulic transmission circuit, the controller structure, and its functionality.
Controller Objectives
The control design objectives are formulated based on the operation requirements in diverse environments and for specific coordinated operation with the work circuit. The operating environments cover a wide range, from rough terrain to a warehouse-type environment. The simultaneous operation of the work circuit and transmission circuits may be limited while the vehicle operates at moderate speed, such as on rough terrain, and more intensive when the vehicle operates in small areas.
Based on these aspects the following transmissioncontroller objectives can be formulated:
• Objective 1: the driver can choose between several "operating modes" which correspond to various level of vehicle acceleration/deceleration for the same acceleration and brake pedal positions. This objective is based on different driving requirements for various operating environments. For traveling larger distances, the driver may prefer an "automotive feel" similar to the characteristics of a power shift transmission utilizing a torque-converter, whereas in confined areas, the driver may prefer hydrostatic mode operation for fast maneuvers and decreased operation time.
• Objective 2: the deceleration and acceleration characteristics during fast transitions between the forward and reverse driving are acceptable. For improved maneuverability, a full power reversal operation characteristic is desired. This entails that upon changing the vehicle's direction of motion, the vehicle moderately decelerates and then accelerates without wheel slip, while the speed of the vehicle is adequate without generating high inertia forces that can displace the load from the end effector.
• Objective 3: the engine does not stall. The engine speed should not decrease below a certain threshold under any operating conditions given by any combination between end-effector load and typical road gradients > 40%.
Controller Structure and Description
The existence of both discrete and continuous inputs together with the control objectives enumerated in the previous subsection motivates the choice of a hierarchical structure (Figure 10 ) for the transmission circuit controller.
As illustrated in Figure 10 , the controller is organized on three levels: (i) 
• The transitions into certain modes of operation can be selected only if specific conditions are met for each mode.
• The state transition function 1 SupCon F is designed with a focus on safety. A priority is given to the modes of operation associated with braking and emergency stopping. These reference signals are inputs to the local controller illustrated in Figure 10 . In this work the throttle by-wire capability is not utilized, and therefore the throttle reference signal generated by the controller for each mode is obtained by appropriate scaling of the acceleration pedal position. (3) based on the engine map, the engine speed can be always maintained above a certain threshold, therefore avoiding an engine stall condition. This can be designed in a more conservative manner, without a pressure sensor, based on the maximum system pressure, and on the load on the engine, as in this case. Assuming a pressure sensor is available, the control of the swash angle can be more flexible, in the sense of maintaining a small vehicle speed even when the engine speed is relatively small, while avoiding an engine stall condition. These considerations address Objective 3.
At the lowest level in the hierarchy presented in Figure  10 , there are local controllers with inputs given by the signals generated by second-level controller for each mode.
These controllers are in most cases feedforward proportional integral controller with modedependent gains.
In distributing the diesel engine power-the single mechanical power source-to the two circuits, the objective is to achieve a compromise between the vehicle acceleration and speed, and work circuit speed, for a wide range of loads. The separate designs of the two controllers are based on the engine power map. For the propel circuit controller, the trade-off is achieved by decreasing the swash angle ref Swash α when the load on the propel circuit increases. For the work circuit, the unloading valve restricts the flow to the work circuit whenever the load increases beyond a predetermined threshold. The design of the two controllers is conservative in the sense that it is assumed that the pressures in the two circuits are close to maximum system pressure at all times. When implemented on the vehicle ECUs, the separately designed controllers intrinsically achieve a power balance as demonstrated through experimental tests results over a wide range of loads (road gradients, load mass).
CONCLUSION
The market need drives the distributed embedded system architecture into Electro-Hydraulic systems. The value of the embedded systems is becoming more widely recognized across the global material handling and construction machinery markets. However successful implementation of such systems requires reliable foundation hardware and a true understanding of the end user requirements and working environments.
In this paper, we focus on the application to a telehandler type vehicle. The complex distributed system, combining a time deterministic TTP bus and customized high speed CAN 2.0B bus, is introduced. The dynamic control algorithms that supervise the Work-By-Wire circuit and Propel-By-Wire circuit have been developed. The simulation and experimental results are presented.
